The recovery in the faeces of the n-alkanes of herbage (odd-chain, C 27 -C 36 ) and of dosed artificial alkanes (even-chain, C 28 and C 32 ) was studied in twelve 4-month-old castrated male lambs. The lambs received three levels of cut, fresh perennial ryegrass or a mixed diet of perennial ryegrass (0'70) and a barley-based concentrate (0-30) (500-900 g D.M./day). C 28 and C 32 n-alkanes (130 mg each), absorbed onto shredded paper, were given once daily for 17 days to test whether the recoveries of herbage and dosed alkanes were similar to enable their use as markers for determining the herbage intake of grazing sheep. Stearic and palmitic acids (130 mg each) were given with the dosed alkanes to half of the animals with the objective of facilitating emulsification of the dosed alkanes within the digestive tract.
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R. W. MAYES, C. S. LAMB AND PATRICIA M. COLGROVE almost quantitative (0-98) but its relatively low concentration in herbage (12mg/kg D.M.) may limit the accuracy of digestibility and intake estimations. Whilst the concentrations in herbage of C 89 , C 81 and CJJ are 5-9 times higher than that of C 35 the use of these alkanes as digestibility markers is dependent upon the faecal recovery of these alkanes being known and universally constant and this may not be the case.
Errors in digestibility and intake estimation due to between-animal variations in recovery of alkanes in faeces could be eliminated if such faecal recoveries could be concurrently estimated in the same animals. This could be achieved by dosing with n-alkanes of similar chain lengths to those of herbage as long as the faecal recoveries of dosed and natural alkanes are always the same and faecal output is determined. Suitable alkanes to use as dosed markers could be octacosane (C a8 ) or dotriacontane (C 3!! ) as they can be easily obtained in pure form at low cost and are present in herbage at very low concentrations. Herbage intakes (without digestibility estimates) could be directly determined using dosed alkanes without the need for estimation of faecal output.
The purpose of the experiment described in this paper was to assess the use of dosed and herbage alkanes as a means of estimating herbage intake. The faecal recoveries of dosed C 28 and C 32 were compared with those of herbage alkanes in an indoor experiment in which the effects of level of intake, supplementary feeding and method of dosing were also investigated.
MATERIALS AND METHODS

Animals, treatments and feeds
Twelve Scottish Blackface wether lambs, aged 4 months and weighing about 30 kg, were used. For at least 4 weeks prior to the start of the experiment (August 1984) they grazed a perennial ryegrass sward adjacent to the site from which the cut herbage used in the experiment was derived. Two lambs were allocated to each of the dietary treatments shown in Table 1 .
Within each treatment a lamb was allocated to one of two dosed alkane treatments: A, 130 mg/day each of C 88 and C 3a , and B, 130 mg/day each of C 88 and C 32 mixed with palmitic and stearic acids.
The cutting area comprised predominantly perennial ryegrass species. The herbage was cut from a 6-week regrowth each afternoon with an Allen Scythe, chopped into approximately 3 cm lengths and stored at 4 °C overnight. The herbage was offered the following day allowing a D.M. estimation to be made and the desired weight of herbage to be offered. The herbage contained 0-937 grasses and 0-063 white clover on a D.M. basis. The pelleted concentrate contained 700 g barley, 100 g sugar beet pulp, 60 g soya-bean meal and 60 g white fish meal per kg. The chemical composition of the herbage and concentrate are given in Table 2 .
Preparation of pellets containing C 88 and C 3% alkanes
In order to prepare 125-130 pellets 13 sheets of Whatman No. 1 filter paper were trimmed to fit a 35 x 49 cm aluminium tray. Whilst the tray with paper was heating in an oven at 100 °C, 17 g each of C 28 (Sigma London Ltd, Foole, Dorset) and C 32 (Koch-Light Ltd, Haverhill, Suffolk) (treatment A) and, in addition for treatment B, 17 g each of palmitic and stearic acids (Sigma London Ltd, Poole, Dorset) were dissolved in 500 ml n-heptane by heating to 80 °C. The hot solution was added to the heated tray and the sheets of paper were shuffled in order to achieve uniform absorption of the solution. The sheets were separated and hung up to dry in a well-ventilated room. The dried sheets were individually placed in an oven at 100 °C for 2 min to allow the paper to absorb the alkanes. When cool the paper was shredded with a guillotine. The weighed amount Herbage Concentrate n-alkanes as markers to determine herbage intake 163 of shredded paper for each pellet was compacted by squeezing through a tube of 1-2 cm internal diameter and wrapped in a 12 x 7 cm sheet of tissue paper using starch paste as adhesive. The pellets were dried at 40 °C.
Experimental procedures
The lambs were allocated to dietary treatment immediately upon housing. For the first 9 days they were housed in individual pens on slatted floors and thereafter housed in metabolism cages fitted with chutes and separators for excreta collection. Herbage was offered in two meals at 09.30 and 16.30 h each day; concentrate was offered at 09.30 h. From the 10th day each sheep received an alkane pellet administered with a dosing gun immediately before the morning feed. Five days after beginning alkane dosing total daily faeces collections were carried out for 11 days; on the final 8 days subsamples of the daily faecal output were taken and bulked and any feed refusals were also bulked for each sheep. For 24 h after completion of the balance period faeces were collected every 3 h from each sheep. Samples of the herbage offered each day, refusals and faeces were stored at -20 °C until freeze-dried and milled through a 1 mm screen before analysis.
Analysis of n-alkanes
Samples of freeze-dried herbage (3 g), refusals (3 g) and concentrate (10 g) were extracted for 6 h with petroleum spirit (B.P. 40-60°) in a Soxhlet extraction system after prior addition to the extraction thimble of 0-6 mg tetratriacontane (C^, Sigma London Ltd, Poole, Dorset) as an internal standard. Faeces samples (1 g) were extracted, together with 0-6 mg C 31 internal standard, with the same solvent for 40 min in a Soxtec system 1040 extraction unit (Tecator Ltd, Bristol). The lipid extracts were transferred to 100 x 20 mm thickwalled screw-topped Pyrex test-tubes. After removal of residual solvent 5 ml 1 M alcoholic KOH solution was added and the tubes were stoppered with PTFE-lined caps. The tubes were heated overnight in a dry-block heater at 90 °C. After partial cooling 5 ml hexane and 2 ml water were added and the tubes were shaken vigorously. The top (nonaqueous) liquid layer was removed, evaporated to dryness, re-dissolved in 1-5 ml hexane and applied to the top of a small column (disposable polypropylene column, Supelco Inc., Bellafonte P.A., U.S.A.) containing silica gel (Kieselgel 60, 70-230 mesh, Merck, Darmstadt, W. Germany) with a bed volume of 5 ml. The hydrocarbons were eluted with 10 ml hexane. The eluate was concentrated to 150-300 fil; 1 ftl was injected onto a 1-6 m x 4 mm glass column containing 3% SE-30 on 100-120 mesh Supelcoport (Supelco Inc., P.A., U.S.A.) in a Model 104 gas chromatograph fitted with a flame ioniza-tion detector (Pye Unicam Ltd, Cambridge). The chromatograph oven was maintained at 275 °C and the carrier gas, N 2 , had a flow rate of 30 ml/min. Peak areas of the n-alkanes were determined using a Pye Unicam CDPI computing integrator. The carbon chain lengths of the n-alkanes were deduced by their retention times relative to known alkanes (Jones, 1970) .
The alkane contents of the dosed pellets were determined by extraction of complete pellets for 10 h in a Soxhlet extractor using petroleum spirit (B.P. 40-60 °) after weighing 120 mg C 34 internal standard into the extraction thimble and perforating the paper wrapper of the pellet. A portion of the extract was then submitted to the same analytical procedures as the dietary and faecal extracts.
Other chemical analysis
Organic-matter contents were determined by ashing samples overnight in a muffle furnace at 550 °C. Acid detergent fibre in herbage was estimated by the method of Van Soest (1965) . Herbage N was determined by a macro-Kjeldahl digestion followed by determination of ammonia by an automated procedure.
Calculations
The herbage intake was calculated from a pair of a natural dietary alkane, i, and a dosed alkane,,?, as follows:
where H o C { and F t are the respective concentrations (mg/kg D.M.) of the natural odd-chain alkane in herbage, concentrate and faeces; H t , 0 f and F t are the respective concentrations (mg/kg D.M.) of the even-chain alkane in herbage, concentrate and faeces; /" is the intake of concentrate (kg D.M./day) and Dj is the amount of alkane j , dosed by pellet (mg/day). The intake of herbage was also calculated from the C 35 contents of herbage, concentrate and faeces and from the faecal D.M. outputs using the following equation:
where F o represents faecal D.M. output (kg/day).
Statistical methods
Measurements of in vivo digestibility, and concentrations and recoveries of n-alkanes in the faeces, were statistically analysed as a 2 x 3 x 2 164 R. W. MAYES, C. S. LAMB AND PATRICIA M. COLGROVE Table 3 . n-alkane (C 2 ,-C 35 ) contents in herbage and concentrate (mg/kg D.M.) and factorial design, assuming the third-order interaction (diet x feeding level x pellet type) to represent the residual term. The accuracy of estimations of herbage intake using various alkanes as markers was assessed by summing the squares of discrepancies between actual and estimated herbage intake for each method of intake estimation. Evidence of bias in intake estimation was assessed by testing the significance of the difference between the mean discrepancy and zero.
RESULTS
Over the 8-day balance period daily herbage refusals were very small, less than 0-05 of herbage offered, except for two sheep whose refusals were 0-07 and 0-19 of herbage offered. There were no concentrate refusals. In vivo apparent D.M. and organic-matter (OM) digestibility was not affected by feeding level but the diet including concentrate had higher (P < 0-05) mean D.M. (0-753, S.E. 0-0050) and OM (0-776, S.E. 0-0059) digestibilities than the herbage alone (D.M. 0-721, S.E. 0-0069; OM 0-743, S.E. 00066).
The n-alkane contents (C 27 -C 36 ) of herbage, concentrate and of alkane pellets are given in Table 3 . C 31 was the most abundant alkane in the herbage followed by C 33 and C 29 . Even-chain alkanes constituted only about 0-06 of the total C 27 -C 35 alkanes in herbage. The between-day coefficients of variation (c.v.) of the odd-chain alkanes in herbage v ranged from 4-1% (C 33 ) to 5-6% (heptacosane, C 27 ); the c.v.s of the even-chain alkanes were higher (mean 14-1%). C 31 was also the most https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859600066910 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 13 Feb 2020 at 13:13:24, subject to the Cambridge Core terms of use, available at n-alkanes as markers to determine herbage intake abundant n-alkane in the concentrate. However, the total C 27 -C 35 n-alkane content of concentrate was less than one-twentieth of that of herbage. The daily amounts of faecal D.M. and the C 27 -C 35 n-alkane concentrations in faeces from the lambs over the 8-day collection period are shown in Table 4 .
The presence of concentrate in the diet did not affect the faecal concentrations of dosed alkanes (C 28 and C 32 ) but, as would be anticipated, significantly (P < 0-01) reduced the concentrations of all 4 other alkanes. Increasing the level of feeding significantly (P < 0-05) decreased the faecal concentrations of all alkanes except for C 36 . The only alkane concentrations apparently affected by pellet type were those of C 27 (P < 0-01) and C 29 (P < 0-05) alkanes; pellet A gave higher concentrations than pellet B. With the exception of the diet x feeding level term for faecal C 2 , concentration, no interaction effects were statistically significant.
From the intakes and amounts of faeces excreted over the 8-day collection period, and the alkane Fig. 1 . Mean variations throughout the day in ratios in faeces of odd-chain (herbage) n-alkane concentrations to even-chain (dosed) n-alkane concentrations expressed as proportions of the mean value for each lamb ( ±S.B.; n = 12). f, Dose.
contents of herbage, concentrate, alkane pellets (Table 3) and faeces (Table 4 ) the faecal recoveries of the CjT-Csu alkanes (proportion of ingested alkane recovered in the faeces) for each lamb were calculated and are shown in Table 5 . The faecal recoveries of n-alkanes were not significantly affected by diet, feeding level, pellet type or interactions with one exception: the faecal recovery of C 27 was lower when concentrate was given (P < 005) and lower with pellet B than A (P < 0-05). Mean faecal recoveries of alkanes increased as the C chain length increased. The recovery of C 28 , a dosed alkane, was slightly higher than the recoveries of both C 2 7 and C 29 natural alkanes. The recovery of the other dosed alkane, C 32 , was similar to that of the natural alkane, C 33 .
Estimates of daily herbage D.M. intakes of the lambs over the 8-day collection period, from pairs n-alkanes as markers to determine herbage intake of dosed and adjacent natural alkanes and from C 35 natural alkane and actual faecal output, using the formulae given on p. 163 are shown in Table 6 .
The accuracy of prediction of herbage intake was assessed for the different estimates by consideration of the discrepancies between actual intakes and intakes estimated from n-alkanes. The C 33 natural alkane-C 3a dosed alkane pair gave the lowest dis-crepancy sum of squares followed by the C a9 -C 28 natural-dosed alkane pair. The poorest estimators of intake were the C 27 -C 28 alkane pair and C 36 -faeces output internal marker method. With the exception of the 0^-032 alkane pair all methods underestimated actual intake, albeit to a small extent. Percentage underestimates were as follows: C 27 -C 28 , 7-6; C 28 -C 28) 3-5j C 33 -C 32 , 4-5; C 33 -C 32 , 00; 168 R. W. MAYES, C. S. LAMB AND PATRICIA M. COLGROVE C ss -faeces output, 7-1. The discrepancies in intake estimates from actual intakes were not affected by diet, feeding level or type of alkane pellet administered.
The faeces samples collected every 3 h over a 24 h period following the 8-day balance period were used to assess the variability in alkane excretion throughout the day, so that the potential of using faecal grab samples for intake estimation at pasture could be assessed. As intake estimations require the ratio of faecal concentrations of a natural and a dosed alkane, within-day variations in such ratios are more relevant to consider than variations in individual faecal concentrations. Figure 1 shows the mean variations throughout the day in the ratios of concentrations of natural to dosed alkanes, expressed as proportions of the mean ratio for each lamb, such that the estimates at each sample time can be normalized across animals. As no effects of diet, feeding level or type of alkane pellet were evident each point in Fig. 1 represents a mean of 12 observations. There was no evidence of systematic variation throughout the day as none of the points was significantly different from unity.
Day-to-day variation in ratios of faecal concentrations of natural to dosed alkanes from 5 to 10 days after the start of alkane dosing is shown in Fig. 2 .
The values were expressed as proportions of the mean. For the first day of faeces collection (day 5 after dosing began) ratios of C 2 ,: C 2g and C 29 : C 28 were significantly higher than the mean values for days 5-10. There was no evidence of any effect of diet, feeding level or type of alkane pellet upon the between-day variation in faecal concentration ratios of dosed and natural alkanes.
DISCUSSION
Faecal recoveries of n-alkanes
Whilst the occurrence of n-alkanes in forage plant species has been reasonably well documented (Tulloch, 1976) , their potential as internal markers had not been considered until recently (Mayes & Lamb, 1984; Gosden & Moseley, 1984) . Little is known of their fate in the ruminant digestive tract. It is not known if dietary alkanes remain attached to particulate material or enter the liquid phase of digesta. Although some bacterial species have been shown to utilize n-alkanes (McKenna & Kallio, 1965; Hankin & Kolattukudy, 1968 ) and others to synthesize n-alkanes (Albro, 1976) , the general similarity in relative proportions of individual alkanes in the diet and faeces of ruminants (Or6, Nooner & Wikstrom, 1965; R. W. Mayes, unpublished) suggests that the microbial population of the ruminant digestive tract has little influence upon the metabolism of herbage alkanes. Both mono-gastrics and ruminants (McCarthy, 1964; Savary & Constantin, 1966) can absorb and metabolize hexadecane, a medium chain-length alkane (C 16 ) and rats can utilize the plant wax alkane, C 29 , to a limited extent (Kolattukudy & Hankin, 1966) . It is thus probable that ruminants can utilize herbage alkanes to some degree.
The observed increase in faecal recovery values of odd-chain herbage alkanes with increase in C chain-length is in agreement with previous reports (Mayes & Lamb, 1984; Gosden & Moseley, 1984) . Reduction in utilization of alkanes as chain length increases has been observed in other organisms, for example Aspergillvx versicolor (Hopkins & Chibnall, 1932) .
If odd-and even-chain alkanes behave similarly in the digestive tract, the faecal recoveries of evenchain alkanes may be expected to be intermediate between the recovery values of adjacent odd-chain alkanes. Identical faecal recoveries of herbage (oddchain) and dosed (even-chain) alkanes are a prerequisite for accurate herbage intake estimates. The use of a dosed alkane and an adjacent shorter odd-chain herbage alkane would be expected to give a slight underestimate of herbage intake, whereas the use of the longer odd-chain adjacent alkane should slightly overestimate intake. Thus a mean of the two estimates should give an estimate of herbage intake close to the true value. However, in practice, owing to the recovery of dosed C 28 being higher than the recoveries of both C a7 and C 29 , and that of C 32 being the same as C 33 , the best estimates of herbage intake were found to be from C 28 -C 2 , and C 32 -C33 alkane pairs, rather than from the mean estimates from C 28 -C 2J and C 28 -C 2B and of C 82 -C 31 and C 32 -C 33 alkane pairs. Further work is necessary to show whether the higher faecal recoveries of even-chain alkanes relative to odd-chain alkanes is a general phenomenon. Gosden & Moseley (1984) found that the faecal recoveries of even-chain alkanes occurring in herbage were higher than those of odd-chain alkanes of similar chain length. However, the quantities of naturally occurring evenchain alkanes ingested are much less than the oddchain alkanes whereas the lambs in the experiment described here received C 28 and C 32 in amounts similar to the predominant odd-chain alkanes of herbage. It is possible that the method of administration of C 28 and C 32 may explain their higher recoveries relative to the odd-chain alkanes. Herbage alkanes are distributed in the thin film of wax on the plant surface whereas the dosed alkanes were absorbed into the matrix of the shredded paper; this may render the dosed alkane less available for absorption. The purpose of incorporating stearic and palmitic acids w\th C 28 and C 32 -dosed alkanes (pellet treatment B) was to facilitate micelle formation, should emulsification be an important factor affecting faecal recovery. Although Savary & Constantin (1967) showed that oleic acid increased micellar solubilization of C le in rats the lack of any effect of the presence of palmitic and stearic acids on n-alkane recoveries (with the exception of C 27 recovery) in the present study suggests that additional emulsification agents are not necessary for accurate intake estimation. However, this does not imply that the accuracy of intake estimation cannot be further improved by modification of the method of administration.
The practical application of dosed and herbage alkanes to estimate herbage intake in grazing animals
The results of the experiment described above suggest that good estimates of herbage intake can be obtained with little bias by using C 32 as the dosed alkane and C 33 as the herbage alkane. Reasonable estimates of intake can also be obtained using Cjg-Cj, as the dosed alkane-herbage alkane pair, which may be useful for forages such as brassicas which contain C 29 as the predominant alkane (Kolattukudy, 1965) . The validity of herbage intake estimates from C a8 -C 29 and C 32 -C 33 alkanes is apparently unaffected by feeding level or by the presence of concentrate in the ration; thus unbiased estimation of herbage intake should be possible in animals receiving supplementary feed or in suckling lambs.
Errors in estimation of herbage intake by grazing animals, using alkanes as markers, may be expected to be larger than those found in this study, as there are likely to be more sources of variation. It is necessary to obtain truly representative samples of ingested herbage. Oesophageal fistula ted animals should provide such samples from extrusa collections. Salivary contamination of the extrusa sample should have little effect upon its alkane content. However, if some alkanes pass into the saliva during eating and the ratio of solid to liquid in the sample differs from the ratio in swallowed material, the extrusa sample may not be representative in respect of alkane concentration. Investigations are in progress to establish whether such problems exist. It may be possible under some circumstances to use clipped or hand-plucked samples where variations in alkane concentration between plant components are low within the same species. In common with external markers such as chromium sesquioxide (Cr a O 3 ) (Langlands, 1975) , diurnal variations in faecal excretion of alkanes could increase errors in herbage intake estimation as the composition of faecal grab samples is assumed to be representative of that of the total faecal output over the collection period. There is thus a need to define a strategy for frequency of alkane dosing and faecal sampling and to establish the length of time animals are dosed prior to faecal sampling. Whilst the conditions of the indoor experiment described here may not truly represent those of grazing experiments the results suggest that diurnal variation in faecal excretion of alkanes is small and dosing and faecal sampling once each day should be adequate. At least 6 days of dosing with alkanes should be allowed before commencing faecal sampling.
Although the results reported here are encouraging, there are areas which require further examination. It is possible that the relative faecal recoveries of alkanes may vary with age, physiological state and species of animal due to differences in conditions within the digestive tract. Also, the concentrations of different alkanes in herbage can vary greatly among species and, within species, variations in alkane concentrations with plant age and with different parts of the plant have been observed (R. W. Mayes, unpublished data). It is not yet known if faecal recoveries of n-alkanes are affected by their concentrations in the forage.
Other possible applications of alkanes as markers
The concurrent dosing with C 28 or C 32 alkanes and Cr 2 O 3 enables both herbage intake and diet digestibility to be estimated in the same animal. Hexatriacontane (C 36 ) is an alkane not present in herbage and, if it were to behave according to the pattern of recovery of other herbage alkanes, it should be completely recovered in the faeces. If so, it could substitute for Cr 2 O 3 and, if dosed together with C 28 or C 32 , would allow the measurement of intake and digestibility from alkane determinations in faeces and herbage with a knowledge of alkane dose rates.
Different plant species differ widely in the relative proportions of individual n-alkanes. It may be possible to establish the proportions of different plant species ingested, from the patterns of alkanes found in the faeces relative to the alkane patterns of the plant species in the diet. Faecal recoveries of the various herbage alkanes may be established by dosing with a mixture of even-chain alkanes ranging from tetracosane (C 24 ) to C 36 , and interpolation of the resultant relationship between recovery and C-chain length. Although in theory the number of dietary components can be as large as the number of herbage alkanes estimated, perhaps the most useful application may be in simpler situations such as in determining the ratios of clover to grass in the diet of sheep or cattle grazing such a mixed sward.
